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ABSTRACT. A s tu d y  o f  u u lik n  m ok'oula i* in to r|te tio n  fo r  ^ns m ix t im 's  oom posod o f  
SGVOral s lig h t ly  iion-splK^rioal molo(*ul(?s and  also fo r  im \tu r-o s  h a v in g  norosphoi'iaal a nd  sp lio ri- 
ca l m olo cu los  has  been do ne fro m  th e  ob si'rved  h^ m p e ra tlire  deponden(*e o f second v ir ia l ('oefii- 
c io n t a n d  th e rm a l d iffu s io n  fa c to r , assu m ing  a L e n n a rd -J o n e s  (12  ; 6) po ten t ia l c m 'rg y  fu n c tio n . 
It has b e e n  fo u n d  th a t  th is  p o te n tia l en erg y  fu n c tio n  w h ich  is s tr ic t ly  a])plicabh> to  spherica l 
m o le c u le s  c a n  be a p p lie d  w ith  success to  discuss p io p c rtie s  o f  gas m ix tu r t 's  com tiosed o f m o le ­
cules w h ic h  d e v ia te  s lig h t ly  fro m  s p lic ric a l s y m m e try . F u r t l ie r ,  th e  values  of th e  p o te n t ia l 
p a ra m e te rs  in d ic a te  th e  in a d e ip ia c y  o f  s im p le  c o m b in in g  ru les  lo r  th e  case o f  gas m ix tu re s  
cons id ered  here.
1 N r  K 0  1) CT 0 T  I O N
TJic inlliiencc of flic law of moU>(Milaf intoraotion on pr.iiK'rtii'H of Kascy and 
gas mixtures is well known and in pritudjile, infonnation aliout the potential 
parameters for like and unlike interactions should he ohtainahh' from the experi­
mental determinations of various hulk propertii's as i!. tunetion of temperatuie. 
Unfortunately, the experimental data for gas mixtmes which might l<>ad to a 
knowledge about the forces between unlike moleeiiles are very meagre. In many 
eases, the measurements are eoiiflncd to a single temjieraturo and henei  ^ are un­
suitable for obtaining any reliatile information about intermoleeular forces. Thus, 
generally, for a proper understanding and evaluation of these toi(;es between 
unlike molecules, use is made of certain empirical combining rules, involving the 
force parameters of pure eomponents, which have no theoi'edcal justification. 
Further, tliese simple combining rules may be valid for eentral torce fields but are 
certainly not appropriate when we wish to treat molecules like CO .^ Thus, it 
is very useful and desirable to study the unlike molecular interactions from thi; 
temperature variation of properties of gas mixtures wherever such data are avail-
able.
For discussing and correlating the different properties of gases and gas mix­
tures various formulated expressions for the potential energy function are utilized, 
such as the Lenuard-Jones {12:0) and the modified Buckingham (Ex{i;6) functions. 
The (Exp:6) function is said to be more realistic and more flexible, but both ot
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them had practically the same success in predicting the properties o f gases and 
it is difficult to cstahlish the superiority of one potential over the other as has 
been concluded by Madan (1955), Mason and Rice (1954) and DeRocco and Hal­
ford (195S). However, the (12:6) potential energy function is definitely mucli 
simpler and easy to handle and has, therefore, been widely used.
Srivastava and Madan (1953) utilized the temperature variation of thermal 
diffusion factor for the study of the law' of molecular interaction for some gas 
pairs on the (12:5 model. Later, Srivastava and Srivastava (1957, 1959) and 
Srivastava (1957) used the properties of interdiTusion and thermal diffusion, 
mostly of rare gas mixtures, for this purpose on the (Exp:5) model. The assump­
tions in the theory make both the potential energy functions strictly applicable 
to spheri(tally symmetric molecudes, such as those of monatomic gases at moderate 
]>ressures. When the molecules of gas are not spherically syrmtietri(% there are 
great mathematical difficulties in discussing their properties rigorously and there 
is no (iompletely adequate analysis of inter molecular forces between asymmetric 
{)olyatomi(; molecules. However, the theory based on the above mentioned 
potential energy functions has had success in cjorrelating transj)ort phenomena 
in polyatomic gases and the assumptions may not be a severe limitation as has 
been discussed by (Chapman and (k)wling (1952). It is also seen that, rather 
high asymmetry is rec|uii*ed before deviations from the force law' applicable to 
spherical molecules become appreciable. Thus, the same law can be taken to 
describe tlu^  properties of tuolecules which are slightly non-spherical and for all 
yractical pur[)oses, such derivations will be cpiite adeejuate. Further, they 
w ill also })rovidt‘ a means of extrapolation and interpolation of the existing data 
into regions of higher or lower temperatures.
In the jresent paper, we hav^ e used the (12.6) model to study the law of mole­
cular interaction involving unlike molecules and have chosen two sets of binary 
gas mixture's. The one consisting of mixtures of diatomic; gases with a common 
polyatomic gas suc;h as mixtures of Ng, Og and CO with CO  ^ of H.^  wdth BF3 and 
the other consisting of a monatomic gas with diatomic gases and also with a poly­
atomic gas such as mixtures of A with N.^ , Og and CO  ^and of Kr with N .^ The 
latter set is interesting since it involves an interaction between spherical and 
non-spheri(;al molecules.
Recently, Cottrell ei al. (1956) determined the second virial coefficients of 
the mixtures of COg with iV.^ , Og, CO and A. Grew et al, (1954) have reported the 
experimental data on thermal diffusion of COg— A—N. ,^ K r—N.^  and A—O2 
and several other gas mixtures while Raw and Kyle (1956) have reported data 
on Hg—BF3 mixtures. We have utilized here both these sets of data for deter­
mining the potential parameters. For the gas mixtures chosen, there have been 
practically no attempts to estimate the potential parameters, in particular, using 
second virial coefficient and thermal diffusion factor and to correlate the experi-
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mental data with the theory based on the Lennard-Jones (12 :6) potential. The 
thermal diffusion of A—Ng mixture has, however, been used by Srivastava and 
Srivastava (1957) for an (Exp:6) model and the diffusion data of CO^ —N.^  and 
COg-'Ogj mixtures by Walker and Westenberg (1958, 1960) for a (12:6) and an 
(Exp: 6) model but an equilibrium property like the second virial coefficient 
has not been previously used for this purpose. Although the observed data 
for second virial coefficient are not too extensive in view of the experimental 
difficulties and limitations of measurement and riso as this is the only data avail­
able for gas mixtures at more than one temperature (the other measurements are 
mostly at a single temperature and hence cannot be used in finding the ])arameters) 
it is considered worthwhile to examine these data and make the best possible 
use of them.
T H E O R Y  AN[D F O B M O L A E
Tlio second virial coefficient. for a gas mixture is given by the relation
where B.,o are the mole fractions and second virial coefficients of
components 1 and 2 and By^  is the interaction second virial coefficient having a 
direct relation to the law of unlike molecular interaction through the reduced 
second virial coefficient H* given by Hirschfelder, Curtiss ami Bird (1954)
B
where
'12 ~  ^12^J2*(^*)
2tt (2)and T* —
The parameters and are the depth of the potential well and the separation 
distance for zero potential energy for unlike molecular interaction.
The general expression for thermal diffusion factor is (piite complicated and 
moreover, different theoretical expressions are available for this quantiy such as 
those of Chapman and of Kihara. Kihara's expressions are much simpler than 
the corresponding ones of Chapman and arc more accurate as has been observed 
bv Srivastava (1957) and many others and have therefore been used here.
Kihara’s first approximation formula for thermal diffusion factor may be 
written in the convenient form
(3)farJi -  (6C*-
where fl is a complicated expression involving molecular weights, composition 
and coUision integrals for which reference can be made to Srivastava (1957).
The principal contribution towards temperature dependence of thermal 
diffusion factor comes through the factor (flC *-5) which involves only unhke 
interactions. The factor g depends only slightly on temperature. This shgh
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variation hardly shows any definite trend and is itself liable to uncertainties 
on account of various errors as has been observed by Srivastava and Madan 
(1953). Further, even if this variation is considered and is taken account of, as 
has been done by Srivastava and Srivastava (1957) and Srivastava (1957), the 
results do not show any appreciable variation, the deviations being well within 
the limits which result from considerations of the effect of the error in the experi- 
numtal measurements. Thus \(Xrp\ varying as (66’*—5) is (juite reasonable for 
all paraclical purposes.
D E T E R M I N A T I O N  O E P O T E N T I A L  P A R A M E T E R S
The methods of determining the potential parameters from the experimental 
data have been discussed recently by Srivastava and Srivastava (1959), Whalley 
and Schneider (1955) and Strehlow (1953) and others. They mainly consist of 
(1) graphical ratio method used successfully by Srivastava and Madan (1953), 
Madan (1955), (1957), Sharma and Madan (1960) and Bunde (1955); (2) the trans­
lational method of Keesom (1912) and Lennard-Jones (1924); (3) the intersection 
method of Buckingham (1938). The translational method requires data over a 
large temperature range and unless there are some distinguishable peculiarities 
in the curve as has been discussed by Srivastava and Srivastava (1957). a multitude 
(jf translations is possible and the method fails. The intersection method requires 
accurate data for only a few temperatures which need not extend over a large 
temperature interval but the data must be highly accurate, otherwise it is impos­
sible to determine the intersection point. Thus, for most cases, the first method, 
that is, the graphical ratio method, is quite adequate and suitable for examining 
and reducing the experimental data api>ropriately and deducing the potential 
parameters therefrom. The method is described in detail by Srivastava and 
Madan (1953), Sharma and Madan (I960) and Madan (1955) and a reference to 
these can be made.
Usually experimental is obtained from by using the calculated values 
of and utilizing the values of the force parameters obtained from other 
measurements which is not a very desirable procedure. To determine the para­
meters between unlike molecules, we have resorted to purely experimental data, 
th^t is, to get (experimental), experimentally observed values of and 2^2 
have been utilized. The values of 612/^ 1^2 determined from the temperature
dependence of second virial coefficient are reported in Table I, together with the 
temperature ranges for which they have been calculated. The potential para­
meters obtained from temperature dependence of thermal diffusion factor arc 
given in Table 11(a) & 11(b). Using the value of has been calculated 
from experimental interdiffusion coefficient wherever such data are available. 
The potential parameters thus obtained from second virial coefficient arid thermal 
diifttsiori factor are compared with other determinations including those obtained 
with' the ‘help of the combining rule viz., == (^ :ne22)''* and>i2 =  W n+^ 2i)
where and r^, are respectively the depths of the potential wells and
the sepa ration distances for zero potential for (1:1) and (2:2) like interactions. 
These are reported in Tables III and IV.
1) 1 S C IT S S I O N O K RE S TJ L T ,S
It will be quite interesting to see how far the ptrtential parameters, obtained 
by us, agree with those derived from other soure.es and how satisfactorily these 
parameters can predict another bulk property.- The comparison of parameters 
has been done in Table III and TV from which it c,an be seen that the parameters 
obtained by us are different from those derived using combining rules. The 
values o f are higher and tJiose of arp lower than the c(jrreaponding
combining rule values except for K r— Nj,. A similar trend was noticed by 
Barua (1959). This is to be expected as the contbining nde for is true only for 
molecules which behave as rigid sphcT-es.
The system COj — is interesting because parameters for this could be deter- 
minetl from both second virial coefficient and the thermal diffusion. The combin­
ing rule gives a value J34 for t j k  whereas the second virial coefficient gives an 
indication that this value is >  134 and is about- 16H. This indication is further
<!onfirmed by evaluation of parameters from thermal diffusion factor, which is 
a more sensitive property and the value obtaine<l is 15/.1. This is in agreement 
with the value obtained by Walker and Westenberg (J958) from t he temperature 
dependence o f mutual diffusion. The parameters obtained from equilibrium 
and non-equilibrium properties are also seen to be different as has also f»een noticed 
in general by Hirschfelder et ah (1954) and Madan (1955, 1957).
Using the different parameters, we could, for comparison, compute the values 
of coefficient of interdiffusion, another property for which some data are available 
for these mixfures. This has been done in Table V. However, in general, the 
parameters derived from equilibrium properties should not be used for calculation 
of non-equilibrium properties or vice versa because different properties emphasize 
the potential energy curves differently and cannot be simply correlated. When 
we take two similar molecules, for example, two polyatomic molecules, we get a 
reasonably good agreement, but when we have a mixture of a polyatomic mole­
cule with a simple molecule, the agreement is not satisfactory. The agreement 
between the theoretical and experimental values is good for COa-N j and COa- 
(rather it is better than that obtained by using parameters from combining rules) 
but not for COa-CO and CO^-A. In the latter case, for example of OOa-A 
the interaction is between a spherical and a non-spherical molecule. As expected 
(Srivastava and Srivastava 1959) due to the non-spherical nature o f 00^ molecule, 
the potential parameters calculated from second virial coefficient (equilibrium 
property) do not reproduce the coefficient of mutual diffusion (non-equilibrium 
property) satisfactorily. In this type of mixture, it seems that the effect of the 
non-spherical nature of the molecule predominates over that of the sphenca]
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one, even though we can ascribe part of the discrepancy due to possible experi 
mental errors in the measurement of the coefficient of mutual diffusion for this 
mixture for which there are the data o f only one experimenter at a single tempe­
rature, This was obtained by Waldmann from a study of diffusion thermq-effec 
and is subject to much error as has been discussed by Chapman and Cowling 
(1952). Further, for this mixture, the thermal diffusion factor, a property very 
sensitive to the force law, increases with decrease of temperature, a peculiar yet 
unexplained behaviour, and it is not surprising that a good agreement is not 
obtained in this case.
The case of COg^-CO mixture is different. Here, the interaction is between 
a symmetrical molecule CO2 with an asymmetrical molecule CO, unlike the 
interactions of Ng or COg—-Og in which there are symmetrical molecules
like N2 or O2. Furthermore, the data on second virial coefficient for CO2—CO 
mixture shows practically no variation with temperature in the range 30°C to 
60°C and an average curve had to be drawn for the determination of potential 
parameters which are suject to some uncertainty on this account.
In general, for all the gas mixtures, the iion-spherical nature of the molecules 
does manifest itself and it is not surprising that a single set of parameters fails to 
give same degree o f agreement for two different properties and also over a wide 
temperature range. For COg—N2 mixture, we find good agreement for the coeffi­
cient of mutual diffusion, but if the same parameters are used to compute the 
thermal conductivity, the agreement is not so good as has been reported by Brokaw 
(1959) and also computed by us and it necessitates the use of a different set of 
potential parameters for this purpose, even though the discrepancy may also 
be on account of the complex nature of the phenomenon of thermal conductivity 
for these molecules.
Unfortunately, for the gas pairs considered here, suitable and extensive 
data for different properties do not exist and as such, a detailed comparison with 
experiment is not possible. To arrive at any definite conclusions, it is very desir­
able to have more experimental data o f various properties at different temperatures.
Nevertheless, the analysis is still useful and valid to a good approximation 
and is definitely of much interest in the absence of sufficient information about 
the forces between unlike molecules. The evaluation of the potential parameters 
from the experimental data for the study of forces between unlike slightly non- 
spherical molecules and the bulk properties of their mixtures, is definitely a better 
approach than the derivation of these parameters from simple combining rules 
which are semi-empirical in nature and may be valid only for central force fields.
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TABLE I
Values of potential parameters from second virial coefficient
Clas pa ir CO,-.■ N . CO.,-- A ro .-^ c o
Temperature 
range (®K)
t u l f c
CK) (A)
BV2\Ic
(^ A')
na?
(A)
f j . K '
(°A-)
r\2O
(A ) CK) (A)
290-348 166.8 3.560 156.1 3.426 160 3 3.682 179.8 3.272
300 - 360 169.3 3.516 157 4 3.409 170 5 3.217 170.1 .3.281
310 -372 170.6 3.492 158.7 3.183 — 181.3 3.256
M ean 168.9 3.523 157.4 3.406 163 4 3.44» 180.1 3.269
Values
TABLE
of potential parameters
Ua
from thermal diffusion
Gras pair rO n A\> A A tr  -- N,
Temperature 
range (^ Jf)
1 2 5 -2 6 0 - —
J 50 300 — J 12.0 121 9
1 7 5 -3 5 0 — 111.5 115.1
2 0 0 -  400 — 109.9 1 19.0
2 2 5 -4 5 0 _ _ 103.7 122.9
2 5 0 — 500 176 U 104.2 126.9
2 7 5 -5 5 0 164.7 — -
3 0 0 -6 0 0 1 r)4 .6 * —
3 2 5 -6 5 0 147.7
3 5 0 — 700 M 2 .3 — _ __ _____ _
M ean 1.57.1 109.2
121.2
r i2 (A ) 3 .657
3 .428 3 .309
113 .8  
l U.5
109.4 
104.2
103.7
105.5
110.5 
i l l . I
116.8 
lli.O
n o .7
TABLE Uh
T em perature range f^A) c i? /^ ( “A ) Meant u l k { ‘ K )
3 4 0 -4 0 8 104.3
3 6 0 -4 2 0 9 8 .3
9 8 .9
3 6 0 -4 3 2 9 4 .2
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TABLE III
Comparison o f potential parameters obtained from second virial cdefficient with 
those determined from other sources
Gas pair '•12(A)
(*) (a) (6) (•) (a) ■ (6)
CO2 - N 2 168.9 132 134.1 3.523 3.839 4.095
CO2 - A 157.4 153 160.6 3.406 3.707 3.948
CO2---^^2 163.4 147 149.4 3.449 3.715 3.975
CO2 -C O 180.1 145 137.6 3.269 3.793 4.125
(*) Present work
(a) Combining rule, individual parameters from viscosity.
Hirschfolder, Curtiss and Bird (1954).
(b) Combining ijile, individual parameters from second virial coefficient. 
—  Cot j^’ell et al. (t966)
TABLE IV
Comparison f)f potential parameters obtained from thermal diffusion 
those determined from other sources.
with
Gum pair
(*) (••) (a) (b) (♦) (**) (a) (b)
COii-No 157.1 168.9 157 132 3.557 3.523 3.516 3.839
A -N . 109.2  ^ — J06 3.428 — 3.550
A~-On 121.2 - - 118 3.309 — 3.426
K r-N o 110,7 —* — 132
Hs-BFa 98.9 - - 80.37
(♦) From thermal diffusion (present work)
(•♦) From second virial coefficient (present work)
(a) Walker and Westenberg (1958)
(b) Hirsohfelder, (^ urtisa and]|Bird (1954). Combining rule and individual parameters from
viscosity* - . - .
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TABLE V
Comparison of calculated and experimental values of interdiffusion
Gas mixture Temperature
(^ ’K) (•)012
C:m»/Sec
(a)
Cm2/Sec
experimeztal
DjMom2/Sec.(b
273.2 0.141 0.130 0.144
COj—N» 288.2 0.166 0.143 0.158
293.2 U.WI 0.147 0.160
298.2 0.100 0.152 0.165(c)
0.167(d)
■' 0.168(e)
COo—A 293.2 0.159 0.136 0.140
CO2—o,. 273.2 0.143 0.128 0.139
0.1.37(f)
293.2 0.163 0.146 0.160
0.153(f)
COj—CO 273.2 0.163 0 .12H 0.137
( * )  P ro a o T it  w o r k ,  p a ra m e m t o rs  a r c  g iv e n  in  T able  T.
(a) rialculated using com bin in g  rules, individual param eters Irom  viscosity . 
H irschfelder, Curtiss and Bird (1954).
(b) D a ta  taken from  H irschfelder, Curtiss andjB ird (1954) unless stated otherwise.
(c) B o y d  ct ( il. (1951)
(d) W alker and W ostonburg (195?^).
(e )  B oardm on  and W ild  (1937)
(f) W alker and W estonburg (1960)
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